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PROGRAM  OBJECTIVE 

The  research  program  focuses  on  the  development,  implementation  and  use  of  theoretical 
methodologies,  addressing  nanocatalysis  issues  pertaining  to  the  creation,  characterization, 
atomic-scale  manipulations,  control  and  exploitation  of  nanometer-scale  catalytic  systems.  This 
research  program  aims  at  providing  a  deep  understanding  of  the  physical  principles  underlying 
and  governing  the  unique  catalytic  properties  of  nanoscale  materials  to  be  employed  for  catalytic 
combustion  of  fuels  and  propellants.  Furthermore  the  research  program  seeks  to  establish 
atomic-scale  design  principles  of  individual  and  integrated  nanocatalytic  materials  systems  of 
basic  significance,  and  of  relevance  and  potential  contributions  to  defense-related  missions, 
industrial  processes,  and  environmental  issues. 

Some  of  the  key  challenges  facing  the  development  of  combustion  catalysts  addressed  by 
the  research  program,  include:  (i)  development  of  combustion  processes  occurring  at  lower 
temperatures,  thus  lowering  the  energy  cost  as  well  as  reducing  the  production  of  hazardous 
nitrous  oxide  emissions,  (ii)  design  of  catalysts  that  allow  complete  fuel  combustion  in  a  very 
short  contact  time,  and  (iii)  increasing  the  durability  (e.g.  against  coalescence  and  sintering)  and 
poison-resistance  of  combustion  catalysts. 

The  investigations  performed  in  this  program  are  anchored  in  findings  from  cluster  and 
surface  science  studies,  pertaining  to  the  atom-by-atom  dependencies  of  energetics,  kinetics. 
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reactivities  and  catalytic  activities  of  clusters,  originating  from  interplay  between  size,  geometry, 
dimensionality,  and  electronic  structure,  as  well  as  based  on  extensive  experience  accumulated 
over  the  past  several  years  in  studies  of  oxidation  reactions  catalyzed  by  size-selected  gas-phase 
and  surface- supported  nanostructures  These  important  objectives  and  fundamental  issues  are 
addressed  in  the  research  program  through  the  development  and  employment  of  an  arsenal  of 
modem  first-principles  theoretical  methodologies  of  predictive  capabilities. 


SCIENTIFIC  APPROACH 

The  challenging  objectives  and  fundamental  issues  that  are  addressed  in  this  research 
program  pertain  to  the  atom-by-atom  dependencies  of  energetics,  kinetics,  reactivities  and 
catalytic  activities  of  clusters,  originating  from  an  interplay  between  size,  geometry, 
dimensionality,  and  electronic  structure,  on  the  physical  and  chemical  properties  of  materials 
nano-scale  materials  aggregates. 

These  questions  are  approached  in  our  program  with  the  use  of  an  arsenal  of  modern 
first-principles  theoretical  methodologies  of  predictive  capabilities.  Our  computational 
methodologies  include:  (1)  First-principles  determination  of  optimal  atomic  and  electronic 
structures  of  nanocluster  catalyst  assemblies  (gas-phase  and  surface- supported  nanostmctures) 
and  ab-initio  molecular  dynamics  (MD)  simulations  of  catalytic  reaction  pathways  ,  with  the 
motions  of  the  atoms  (or  ions)  obeying  classical  equations  of  motions  and  the  electronic  degrees 
of  freedom  calculated  (self-consistently)  concurrent  with  the  instantaneous  atomic  positions, 
using  the  Bom-Oppenheimer  (BO)  spin-density-functional  (dynamics  (BO-LSD-MD)  method 
developed  in  our  laboratory.  (2)  Construction  and  analysis  of  micro-kinetic  models  of  catalytic 
reactions,  consisting  of  sets  of  coupled  rate  equations.  These  model  calculations  assist  in  the 
analysis  of  experiments  (particularly  gas-phase  catalysis  in  traps)  and  understanding  of  the 
effects  of  temperature  and  pressure  on  the  rate  of  change  with  time  of  the  concentrations  of 
reactants  and  products.  This  information  assists  us  in  formulation  of  catalytic  cycles. 

SELECTED  ACCOMPLISHMENTS  DURING  THE  FIVE  YEAR  GRANT  PERIOD 

Aiming  at  understanding  the  catalyzed  combustion  reaction  of  the  simplest  hydrocarbon 
fuel  molecule  (methane)  with  small  metal  clusters  (gold  and  palladium),  quantum  calculations  of 
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binding,  structures,  and  reaction  pathways,  have  been  conducted  in  combination  with 
experiments  on  trapped  gas-phase  (Professor  T.  Bernhardt,  Ulm  University),  and  surface- 
supported  (Professor  U.  Heiz,  Technical  University  of  Munich),  clusters. 

(A)  PUB  2.  First-principles  density  functional  theory  (DFT) 
calculations  on  gas-phase  reactions  of  small  gold  clusters,  aiming  at 
elucidation  of  the  role  of  hydrogen  in  the  activation  of  molecular  oxygen  for 
the  selective  oxidation  of  hydrocarbons,  have  been  performed  in  conjunction 
with  experiments  of  gas-phase  reactions  in  a  trap.  Positively  charged  gold  clusters, 
Aux"^  (x  =  2  -  7)  were  chosen  because  electronic  factors  and  experimental  data  suggest  them  to  be 
most  suitable  for  promoting  the  oxidation  of  hydrocarbons.  Our  investigations  showed  that 
although  small  gas  phase  gold  cluster  cations  are  known  to  be  inert  toward  molecular  oxygen,  the 
pre- adsorption  of  molecular  hydrogen  cooperatively  enables  the  adsorption  of  O2  on  the  even 
size  Aux^.  Temperature  and  reaction  time  dependent  investigations  in  an  octopole  ion  trap  under 
multi-collision  conditions  indicate  that  hydrogen  promotes  the  activation  of  molecular  oxygen  on 
Au4'^  and  Aue"^  eventually  leading  to  O2  dissociation  and  water  elimination  at  temperatures  as  low 
as  200  K.  The  detailed  mechanism  of  the  hydrogen  induced  oxygen  activation,  involving  an 
intermediate  hydro-peroxy-complex,  was  revealed  by  the  DFT  calculations. 


IransKion  slates 
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(B)  PUB  3.  The  mechanisms  of  nanocatalytic  processes  involving 
methane,  CH4,  leading  to  the  low-temperature  production  of  ethylene,  C2H4, 
were  explored  through  experiments  in  a  trap  (in  the  multicollision  regime) 
and  first-principles  theoretical  simulations.  Detailed  microscopic  catalytic 
mechanisms  and  a  catalytic  cycle  (See  Figure  above)  have  been  predicted  and 
tested.  For  the  case  of  neat  methane  and  gold  dimer  cations  it  was  found  that  first  each  gold 
atom  binds  to  a  methane  molecule,  and  subsequently  two  hydrogen  molecules  are  eliminated  and 
the  two  carbon  atoms  form  a  double  bond.  The  ethylene  precursor  binds  to  one  of  the  gold  atom 
and  subsequently  another  methane  molecule  binds  to  the  bare  Au  atom  of  the  dimer,  thus 
lowering  the  barrier  for  release  of  the  ethylene  product  molecule  and  completing  the  catalytic 
cycle.  Both  the  carbon-hydrogen  bond  activation  and  the  subsequent  desorption  of  the  ethylene 
product  molecule  require  cooperative  action  of  several  atoms  bound  to  the  gold  dimer.  Cover 
article  in  the  Angew.  Chem.  Int.  Ed,  49,  980  (2010).. 

(C)  PUB  6.  Reaction  kinetics  and  mass  spectrometry  measured  in  trap 
experiments,  in  conjunction  with  first-principles  density-functional  theory 
simulations,  revealed  that  gold  dimer  cations  catalyze  temperature-tuned 
selective  reactions  in  gaseous  mixtures  of  oxygen  and  methane  (yielding 
formaldehyde,  below  250  K,  and  ethylene  near  300  K).  Temperature-controlled 
catalytic  selectivity  was  demonstrated  through  the  conversion  of  a  mixture  of  methane  and 
oxygen  to  formaldehyde  at  temperatures  below  250K,  while  at  higher  temperatures  (up  to  300K) 
dehydrogenation  processes  lead  predominantly  to  formation  of  ethylene.  Microscopic 
mechanisms  (reaction  intermediates  and  transition  state  configurations  and  barriers)  were 
predicted  theoretically  and  tested  against  the  measured  data.  The  research  appeared  as  a  Cover 
article  of  The  Journal  of  Physical  Chemistry  C,  vol  115,  p.  6788  (April  14,  2011).  This  research 
complemented  the  joint  experimental  and  theoretical  findings,  see  (B)  above,  pertaining  to  the 
room  temperature  conversion  of  ethylene  into  methane  catalyzed  by  gold  dimer  cations. 
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(D)  PUB  11.  The  nano-oxide  cluster  PdeO/  was  identified  to  be  the  key 
intermediate  in  the  catalytic  combustion  of  CO  initiated  by  the  oxidation  of 
Pde^  with  molecular  oxygen.  Pd604^  contains  only  dissociated  oxygen  with 
each  O  atom  bound  to  three  Pd  atoms.  Although  Pd604^  appears  to  be 
resistant  to  further  oxidation  with  O2,  the  chemisorbed  atomic  oxygen  species 
represent  the  active  oxygen  phase  for  the  efficient  room  temperature  catalytic 
conversion  of  CO  to  CO2. 

Nanometal  oxides  are  an  important  elass  of  heterogeneous  eatalysts  for  various  industrial 
proeesses.  Several  faetors  are  eonsidered  as  governing  the  eatalytie  aetivity  and  seleetivity  of 
these  catalytic  materials,  including  particle  size,  shape,  composition,  and,  in  particular,  the 
chemical  nature  of  the  active  oxygen  species.  Consequently,  correlations  between  the  oxidation 
states  and  catalytic  activity  are  a  fundamental  topic  of  investigations  pertaining  to  catalytic 
activity  in  general  and  of  oxides  in  particular. 

The  palladium  oxide  cluster  Pd604'^  is  formed  as  the  sole  product  upon  reaction  of  a  bare 
palladium  cluster  Pde^  with  molecular  oxygen  in  an  octopole  ion  trap  under  multicollision 
conditions.  This  oxide  cluster  is  found  to  be  resistant  to  further  oxidation  over  a  large 
temperature  range,  and  further  O2  molecules  merely  physisorb  on  it  at  cryogenic  temperatures. 
The  particular  stability  of  Pd604'^  is  confirmed  by  the  observation  that  the  reaction 


6 


of  with  O2  leads  to  fragmentation  resulting  in  the  formation  of  Pd604‘^  However,  in  an 
oxygen-rich  O2/CO  mixture,  Pd604'^  is  identified  as  the  catalytically  active  species  that 
effectively  facilitates  the  low -temperature  oxidation  of  CO.  Gas-phase  reaction  kinetics 
measurements  in  conjunction  with  first-principles  calculations  provide  detailed  molecular  level 
insight  into  the  nano-oxide  cluster  chemistry  and  are  able  to  reveal  the  full  catalytic  combustion 
reaction  cycle.  These  gas-phase  results  provide  information  that  may  be  utilized  in  the  design  of 
prospective  new  nano-oxide-based  catalytic  materials  for  low  temperature  oxidation  catalysis. 


(O'*)  1.34 


(E)  PUB  7  &  8.  Catalytic  oxidation  on  Pdn  nanoclusters  (with  n  =  13  and  30) 
supported  on  a  MgO(OOl)  surface  has  been  explored  with  first  -  principles 
simulations,  in  conjunction  with  experiments  (temperature  programmed 
reaction)  on  supported  mass-selected  clusters.  The  theoretical  work  addressed  issues 
pertaining  to: 

(i)  the  microscopic  mechanisms  of  the  oxidation  of  up  to  30-atom  surface- 
supported  Pd  clusters  serving  as  CO  and  methane  oxidation  catalysts,  and 

(ii)  (ii)  the  oxidation  (combustion)  reaction  pathways  (of  CO  or  methane)  via 
either  the  van  Krevelen  mechanism  (where  the  reactant  molecules,  CO  or 
methane,  react  with  oxygen  atoms  that  are  part  of  a  palladium-oxide  network 
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serving  as  an  effective  oxygen  reservoir),  or  the  Langmuir-Hinshelwood  root 
(where  the  oxygen  and  other  reactant  molecules,  e.g.  CO  or  methane,  are 
coadsorbed  on  the  catalyst).  The  theoretical  investigations  have  shown  that 
catalytic  activity  of  the  supported  nanoclusters  is  associated  with  partially- 
oxidization  of  the  Pdn  nanocatalysts,  and  have  elucidated  the  controlling 
aspects  of  structure,  reactivity,  and  activation  mechanisms. 
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(F)  PUB  12.  Size-selected  monodisperse  nanoclusters  on  supported 
graphene  and  their  bonding,  isomerism,  and  mobility  have  been  investigated 
with  the  use  of  scanning  electron  microscopy  and  first-principles  theoretical 
calculations.  The  use  of  cluster  materials  in  various  fields,  ranging  from  optics  and 
electronics  to  catalysis,  brings  new  opportunities  and  expands  our  ability  to  design  and  control 
materials’  functionalities  on  the  atomic  scale,  owing  to  the  unique  chemical  and  physical 
properties  of  these  nanostructures.  The  unique  properties  of  materials’  aggregates  with  nanoscale 
dimensions  often  originate  from  quantum  size  effects  that  emerge  at  reduced  sizes,  thus 
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introducing  size  (or  scale)  as  an  added  dimension  to  the  periodic  table  of  the  elements.  The 
emerging  opportunity  of  rational  design  of  nano  structured  functional  materials  is  based  on  a 
deeper  understanding  of  the  interplay  between  morphology  and  electronic  structure  as  a  function 
of  the  cluster  size.  To  make  progress  toward  this  aim  necessitates  the  development  of  a 
methodology  that  allows  a  refined  degree  of  monodispersity  -  a  term  that  we  use  here  in  a 
broadened  sense  to  include  not  only  an  absolutely  precise  selection  of  particle  size,  but  also  an 
ultrasharp  distribution  of  isomeric  form  and  adsorption  (support)  environment. 

Soft-landing  of  size-selected  Pdn  (n<20)  nano-clusters  on  a  Moire-pattemed  surface  of 
graphene  adsorbed  on  Ru(OOOl),  leads  to  controlled  formation  of  a  truly  monodisperse  cluster- 
assembled  material.  Combined  scanning  tunneling  microscopy  and  first-principles  calculations 
allow  identification  of  self-selective  adsorption  sites,  characterization  of  size-dependent  cluster 
isomers,  and  exploration  of  interconversion  processes  between  isomeric  forms  that  manifestly 
influence  cluster  surface  mobility.  Surface-assembled  cluster  superstructures  may  be  employed 
in  nanocatalytic  applications,  as  well  as  in  fundamental  investigations  of  physical  factors 
controlling  bonding,  structure,  isomerism,  and  surface  mobilities  of  surface-supported  clusters. 


9 


(G)  PUB  9  (also  10, 15, 16).  Atomic  and  Electronic  Structure  and  Stability 
of  Protected  Metal  Nanocrystalline  Clusters.  During  the  last  (option)  years  of  the 
MURI  grant  we  capitalized  on  opportunities  to  resume  activities  in  the  field  of  nanocrystals; 
we  note  here  that  our  early  activity  in  this  important  area  of  nanoscience  —  see  our  1996  paper 
"Nano-Crystal  Gold  Molecules",  W.  L.  Whetten,  J.  Khoury,  1.  Vezmar,  S.  Murthy,  C.  L. 
Cleveland,  W.  D.  Luedtke,  U.  Landman,  Adv.  Mater.  8,  428  (1996),  that  served  as  a  guide  and 
impetus  for  a  large  number  of  subsequent  experimental  and  theoretical  efforts  world  wide.  The 
opportunity  to  reestablish  our  leadership  position  in  this  field  has  been  coupled  to  collaborative 
research  with  several  experimental  groups.  Here  we  highlight  one  of  these  investigations  (Pub. 
9),  where  we  collaborated  with  the  experimental  group  of  Prof.  Jin  (Carnegie  Mellon 
University),  where  the  a  total  crystal  structure  determination  of  a  gold  nanocrystal  consisting  of 
36  atoms  has  been  determined  (adding  the  fourth  known  case  to  the  three  known  structure,  being 
Au25,  Au38  and  Au  102),  and  being  the  first,  x-ray  determined  gold  nanocrystal  to  exhibit  a 
face-centered-crystal  structure. 

Gold  nanoparticles  protected  by  thiolates,  including  thiol-terminated  DNA  and  simple 
thiols,  possess  extraordinary  stability  and  constitute  perhaps  the  most  widely  studied  system  in 
nanoscience.  Understanding  and  control  of  the  ways  that  the  thiolate  ligands  protect  the 
underlying  gold  core  and  of  the  atomic  structures  that  the  gold  cores  adopt  with  decreasing  size, 
are  issues  of  fundamental,  and  potential  practical,  importance.  For  relatively  large  gold 
nanoparticles  (e.g.  >  2  nm),  electron  microscopy  can  map  out  the  core  structure,  but  the  surface 
structure  (e.g.  the  ways  that  thiolates  bind  to  gold)  cannot  be  determined.  Obtaining  the  total 
structure  (i.e.  core  and  surface)  necessitates  single  crystal  growth  of  atomically  precise  gold 
nanoparticles.  Recently,  significant  progress  has  been  made  in  the  chemical  synthesis  of 
ultrasmall  gold  nanoparticles  (often  called  nanoclusters,  typically  <  2nm)  protected  by  thiolates, 
but  the  total  structure  determination  of  such  Au„(SR)m  nanoparticles  by  X-ray  crystallography 
remains  a  major  challenge.  The  reported  crystal  structures  thus  far  include  Auio2(p-MBA)44, 
Au25(SCH2CH2Ph)i8  and  Au38(SCH2CH2Ph)24,  which  are  all  composed  of  non-FCC  (face- 
centered  cubic)  kernels,  such  as  the  AU79  decahedron  in  Auio2(p-MBA)44,  the  Auia  icosahedron 
in  Au25(SCH2CH2Ph)i8  and  the  AU23  face-sharing  bi-icosahedron  in  Au38(SCH2CH2Ph)24.  These 
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experimental  examples,  as  well  as  theoretical  work,  indicate  a  size-dependent  general  trend  that 
starts  from  icosahedral  atomic  arrangements  at  smaller  sizes  to  decahedral  structures  at  larger 
ones,  and  culminating  with  large  clusters  of  FCC  structure  (for  FCC  metals).  Pertaining  to  the 
surface  structures  of  Au„(SR)m  nanoclusters,  unique  “staple”-like  motifs  have  been  found, 
including  the  dimeric  staple  (i.e.  -SR-Au-SR-Au-SR-)  and  the  monomeric  staple  (i.e.  -SR-Au- 
SR-). 

We  reported  the  discovery  of  a  FCC-type  core  structure  in  Au36(SR)24,  where  SR  refers 
to  4-tert-butylbenzenethiolate  (denoted  as  SPh-Bu').  The  emergence  of  FCC  structure  in 
Au36(SR)24  is  surprising,  given  the  small  size  of  the  cluster.  The  Au36(SR)24  particle  consists  of  a 
Au28  kernel  with  a  truncated  FCC  tetrahedron  exposing  (111)  and  (100)  facets.  Unlike  the 
previously  reported  Au„(SR)m  nanocluster  structures  (n=25,  38,  102),  a  new  type  of  thiolate 
binding  mode  for  all-thiolate-capped  nanoclusters  has  been  discovered,  that  is,  twelve  of  the  24 
ligands  bind  to  the  underlying  Au  atoms  in  a  simple  bridging  mode,  with  the  remaining  twelve 
thiolates  forming  the  known  dimeric  staple  motifs. 


u 


Our  first-principles  calculations  reveal  a  large  energy  gap  between  the  highest  occupied 
and  lowest  unoccupied  energy  levels  (~  1 .7  eV)  in  agreement  with  the  measured  value  by  optical 
absorption  spectrum.  The  high  stability  of  the  nanocluster  originates  from  the  geometric  structure 
and  organization  of  the  electronic  states  into  superatom  shells.  The  new  FCC  tetrahedral  Au28 
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kernel  and  the  thiolate  bridging  mode  (as  opposed  to  staple  motifs)  offer  important  implications 
for  possible  other  FCC-structured  gold  nanocrystals  as  well  as  for  thiol  binding  on  extended  gold 
surfaces  in  self-assembled-monolayer  (SAM)  systems. 

To  obtain  insight  into  the  bonding  and  electronic  structure  of  the  Au36(SR)24  cluster,  we 
performed  extensive  first-principles  calculations.  The  figure  below  displays  (in  the  range  -3.5  eV  <  E-Ep  < 
1.5  eV)  the  projected  densities  of  states  (PDOS,  see  SI  for  details)  calculated  for  the  experimentally 
determined  atomic  coordinates  (Eigure,  below,  a),  for  tbe  energy-optimized  structure  (Eigure,  below,  b), 
obtained  via  density-functional-tbeory  (DET)-based  relaxation  of  tbe  experimental  configuration),  as  well 
as  for  tbe  (optimized)  structure  but  with  R  =  H  (Eigure  ,  below,  c).  Tbe  first  outstanding  feature  observed 
is  the  exceptional  large  HOMO-EEfMO  energy  gap  (Ahl  =  1.7eV,  1.5  eV  and  1.8  eV,  respectively  in  (a-c 
in  the  Eigure  below).  This  large  gap  agrees  well  with  the  optically  measured  one  (~  1.7  eV),  thus  the 
optical  gap  represents  a  true  HOMO-LUMO  gap.  This  energy  gap  exceeds  by  a  large  margin  those 
measured  for  other  thiolate -protected  gold  nanoclusters  in  this  size  range,  i.e.,  1.3  eV  for  Au25(SR)i8  and 
0.9  eV  for  Au38(SR)24.  As  aforementioned,  the  large  Ahl  gap  confers  high  stability  to  the  cluster, 
endowing  it  with  resistance  to  chemical  attack. 

Inspection  of  the  electronic  stmcture  of  the  cluster  and  the  orbitals’  angular  momentum 
symmetries  shows  that,  in  agreement  with  our  early  proposal,  while  for  a  wide  range  of  energies  (located 
at  the  middle  of  the  energy  spectrum)  the  electronic  wavefunctions  exhibit  localized  character  (associated 
with  Au  atomic  5d  electrons),  the  orbitals  of  states  with  energies  near  the  top  and  bottom  of  the  electronic 
spectra  are  of  delocalized  character,  derived  from  the  atomic  Au  6s  electrons  (see  representative  orbital 
images  in  b  &  e  in  the  Eigure  below).  These  delocalized  states  can  be  assigned  particular  symmetries 
following  the  electronic  cluster-shell-model  (CSM),  with  a  (superatom)  aufbau  rule:  IS^  IIP®  I  ID'®  I  2S^I 
Ip'"'  I  2P®  IG'^I  . .  .where  S,  P,  D,  F,  and  G  correspond,  respectively,  to  angular  momenta,  /  =  0,  1,  2,  3, 

4. . .  ;  note  that  the  restriction  of  quantum  number  I  =0,  ...  n-l  in  atoms  is  not  applicable  in  superatoms. 

We  note  here  certain  possible  alterations  in  level  ordering,  as  well  as  possible  splitting  of  the  2/-I-1  fold 
level  degeneracy  by  crystal-field  effects.  In  the  above  CSM  scheme,  the  vertical  lines  denote  shell- 
closures  (magic  numbers),  with  each  closure  accompanied  by  the  opening  of  a  stabilizing  energy  gap.  For 
the  Au36(SR)24  cluster,  with  the  number  of  electrons  not  engaged  in  bonding  to  sulfur  being  36-24  =  12, 
the  afbau  rule  leads  to  a  IS^  I  IP®  I  ID"*  (superatom)  configuration,  which  is  not  a  closed  shell  one.  The 
stability  of  this  configuration  derives  instead  from  the  splitting  of  the  5 -fold  degeneracy  of  the  ID  shell 
due  to  the  non-spherical  atomic  arrangement  in  the  gold  cluster  and  the  organization  of  the  protecting 
ligands.  Indeed,  this  crystal-field-like  splitting  is  mirrored  in  the  observation  of  three  LUMO  orbitals  of 
ID  character  in  the  PDOS  shown  in  the  Figure  ,  below,  b  and  its  inset. 
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Catalytic  Dimers  of  Gold  Atoms  Make  Ethylene  from  Methane 

Published  on  January  19,  2010  at  5:16  am 


Ethylene  is  a  primary  feedstock  for  chemical  industry,  and  particularly  for  the  production  of 
plastics  like  polyethylene  and  polystyrene.  Ethylene  is  currently  made  hy  the  steam  cracking  of 
fossil  fuel  fractions.  A  possible  alternative  to  this  may  he  the  production  of  ethylene  from  methane, 
because  although  fossil  fuel  supplies  are  slowly  declining,  methane  is  still  found  in  giant  natural  gas 
deposits. 

AU2'' 


-C2H4 


-CH4II+CH4 


©  Wiley-VCH 


The  problem  is  that  the  earbon-hydrogen  bonds  in  methane  are  very  diffieult  to  break.  It  thus 
usually  takes  extreme  eonditions  to  induee  the  earbon  in  methane  to  form  bonds  with  other 
carbon  atoms.  Furthermore,  this  reaction  usually  produces  a  mixture.  Scientists  working  with 
Thorsten  M.  Bernhardt  at  the  University  of  Ulm  (Germany)  and  Uzi  Landman  at  the  Georgia 
Institute  of  Technology  (Atlanta,  USA),  have  now  found  a  process  by  which  methane  can  be 
selectively  converted  into  ethylene  at  low  pressures  and  temperatures.  Free  gold  dimers  catalyze 
the  reaction,  the  researchers  report  in  the  journal  Angewandte  Chemie. 


“Methane  activation,  meaning  the  ‘cracking’  of  C-H  bonds,  is  a  very  complex  process,”  explain 
the  scientists,  “which  must  be  understood  at  the  molecular  level  before  practically  applicable 
catalytic  processes  can  be  developed.”  To  investigate  this,  the  team  carried  out  experiments  with 
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different  catalytic  metal  clusters  (aggregates  of  a  few  metal  atoms)  as  model  systems.  In  tests 
with  particles  made  of  a  few  gold  atoms,  they  found  that  positively  charged  particles  made  of 
two  gold  atoms  (Au2+)  selectively  convert  methane  into  ethylene  in  the  gas  phase. 

Through  experiments  in  which  intermediates  of  the  reaction  were  “trapped”,  as  well  as  model 
computations,  the  researchers  were  able  to  formulate  a  reaction  mechanism  for  this  catalytic 
cycle.  Each  gold  atom  of  the  gold  dimers  binds  to  a  methane  molecule;  hydrogen  is  split  off  and 
the  two  carbon  atoms  form  a  single  bond  to  each  other.  This  ethylene  precursor  initially  remains 
bound  to  one  of  the  gold  atoms,  and  the  freed  gold  atom  binds  to  a  new  methane  molecule.  In  the 
last  step,  another  methane  molecule  displaces  the  ethylene  precursor  from  its  spot  on  the  gold 
atom  and  ethylene  is  released.  At  this  point  the  reaction  cycle  can  begin  again. 

“Both  the  activation  of  the  carbon-hydrogen  bonds  of  the  methane  and  the  subsequent  splitting 
off  of  the  ethylene  molecule  require  cooperative  action  of  several  atoms  bound  to  the  gold 
dimer,”  Berhnardt  and  Landman  explain  further  details  of  the  mechanism.  “Our  insights  are  not 
only  of  fundamental  interest,  but  may  also  be  of  practical  use.” 
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Scientists  Finely  Control  Methane  Combustion  to  Get  Different 
Products 

Posted  April  14,  2011  Atlanta,  GA 
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Controlling  Methane  Combustion  to  Get  Different  Products 

Scientists  have  discovered  a  method  to  control  the  gas-phase  selective  catalytic  combustion  of 
methane,  so  finely  that  if  done  at  room  temperature  the  reaction  produces  ethylene,  while  at 
lower  temperatures  it  yields  formaldehyde.  The  process  involves  using  gold  dimer  cations  as 
catalysts  —  that  is,  positively  charged  diatomic  gold  clusters.  Being  able  to  catalyze  these 
reactions,  at  or  below  room  temperature,  may  lead  to  significant  cost  savings  in  the  synthesis  of 
plastics,  synthetic  fuels  and  other  materials.  The  research  was  conducted  by  scientists  at  the 
Georgia  Institute  of  Technology  and  the  University  of  Ulm.  It  appears  in  the  April  14,  2011, 
edition  of  The  Journal  of  Physical  Chemistry  C. 

“The  beauty  of  this  process  is  that  it  allows  us  to  selectively  control  the  products  of  this  catalytic 
system,  so  that  if  one  wishes  to  create  formaldehyde,  and  potentially  methyl  alcohol,  one  burns 
methane  by  tuning  its  reaction  with  oxygen  to  run  at  lower  temperatures,  but  if  it’s  ethylene  one 
is  after,  the  reaction  can  be  tuned  to  run  at  room  temperature,”  said  Uzi  Landman,  Regents’  and 
Institute  Professor  of  Physics  and  director  of  the  Center  for  Computational  Materials  Science  at 
Georgia  Tech. 

Reporting  last  year  in  the  journal  Angewandte  Chemie  International  Edition,  a  team  that  included 
theorists  Landman  and  Robert  Barnett  from  Georgia  Tech  and  experimentalists  Thorsten 
Bernhardt  and  Sandra  Lang  from  the  University  of  Ulm,  found  that  by  using  gold  dimer  cations 
as  catalysts,  they  can  convert  methane  into  ethylene  at  room  temperature. 
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This  time  around,  the  team  has  discovered  that,  by  using  the  same  gas-phase  gold  dimer  cation 
catalyst,  methane  partially  combusts  to  produce  formaldehyde  at  temperatures  below  250  Kelvin 
or  -9  degrees  Fahrenheit.  What’s  more,  in  both  the  room  temperature  reaction-producing 
ethylene,  and  the  formaldehyde  generation  colder  reaction,  the  gold  dimer  catalyst  is  freed  at  the 
end  of  the  reaction,  thus  enabling  the  catalytic  cycle  to  repeat  again  and  again. 

The  temperature-tuned  catalyzed  methane  partial  combustion  process  involves  activating  the 
methane  carbon-to-hydrogen  bond  to  react  with  molecular  oxygen.  In  the  first  step  of  the 
reaction  process,  methane  and  oxygen  molecules  coadsorb  on  the  gold  dimer  cation  at  low 
temperature.  Subsequently,  water  is  released  and  the  remaining  oxygen  atom  binds  with  the 
methane  molecule  to  form  formaldehyde.  If  done  at  higher  temperatures,  the  oxygen  molecule 
comes  off  the  gold  catalyst,  and  the  adsorbed  methane  molecules  combine  to  form  ethylene 
through  the  elimination  of  hydrogen  molecules. 

In  both  the  current  work,  as  well  as  in  the  earlier  one,  Bernhardt’s  team  at  Ulm  conducted 
experiments  using  a  radio-frequency  trap,  which  allows  temperature-controlled  measurement  of 
the  reaction  products  under  conditions  that  simulate  realistic  catalytic  reactor  environment. 
Landman’s  team  at  Georgia  Tech  performed  first-principles  quantum  mechanical  simulations, 
which  predicted  the  mechanisms  of  the  catalyzed  reactions  and  allowed  a  consistent 
interpretation  of  the  experimental  observations. 

In  future  work,  the  two  research  groups  plan  to  explore  the  use  of  multi-functional  alloy  cluster 
catalysts  in  low  temperature-controlled  catalytic  generation  of  synthetic  fuels  and  selective 
partial  combustion  reactions. 
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C.APTION 


Low-  (blue)  and  high-  (red)  temperature  Au^^-catalyzed  methane  activation  selective 
reaction  cycles.  Reaction  kinetics  and  mass  spectrometiy  radio  frequency  trap 
experiments  in  conjunction  with  fust-principles  density  fiinctional  tlieoiy  simulations 
reveal  that  gold  dimer  cations  catalyze  temperature-nuied  selective  reactions  in  gaseous 
mixtures  of  oxygen  and  methane.  Temperature-controlled  catalytic  selectivity  is 
demonstrated  tlu  ough  the  conversion  of  a  mixture  of  methane  and  oxygen  to 
foiinaldehyde  at  temperatures  below  250  K  (left  catalytic  cycle,  blue  color),  while  at 
higher  temperatures  (up  to  300  K)  dehydiogenation  processes  lead  predominantly  to 
foiination  of  ethylene  (right  catalytic  cycle,  red  color).  On  the  bottom  chart,  we  display 
the  measured  relative  intensities  of  the  catalyzed  reaction  products  plotted  versus  the 
reaction  temperatiue.  Microscopic  mechanisms  were  predicted  theoretically  and  tested 
against  the  measiued  data.  Tlie  conesponding  molecular  stmcnires  of  the  reaction 
intermediates  and  products  are  superimposed  on  the  reaction  cycles.  Gold  atoms  are 
depicted  by  yellow  spheres,  oxygen  atoms  are  in  red.  carbon  atoms  are  in  gr  een,  and 
hydrogen  atoms  are  described  by  small  blue  spheres.  See  page  6788.  View  the  article. 


In  the  following  we  reproduce  a  Commentary  published  at  the 
invitation  of  the  Editor-in- Chief  of  Angewandte  Chemie  regarding 
the  publication  of  our  paper: 

“Methane  Activation  and  Catalytic  Ethylene  Formation  on  Free 
Au2^”,  S.  M.  Lang,  T.  M.  Bernhardt,  R.N.  Barnett,  and  U. 
Landman,  Angew.  Chem.  Int.  Ed.  49,  980  (2010). 
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A^ethane  is  one  of  the  most  ubiquitous  feedstocks  available 
in  large  amounts  from  petrological  as  well  as  biogenic 
resources.  Its  economic  use  for  purposes  other  than  mere 
combustion  remains  a  conceptual  problem,  however.  Steam 
reforming  converts  methane  into  syngas  [Eq.  (1)|  from  which 
methanol  can  be  produced  in  a  second  step  [Eq.  (2));  the 
COiH.  ratio  of  the  syngas  can  be  adjusted  by  the  water-gas- 
shift  reaction.^*^  While  the  technology  of  this  process  is  well 
developed,  investment  volumes  are  large  and  smaller  sources 
of  methane  cannot  be  exploited  this  way. 

CH**H20-.C0+3Hj  (1) 

CO  +  2H, (2) 

Considerable  research  efforts  are  devoted  to  alternative 
routes  and  a  particularly  attractive  variant  would  be  the 
selective  partial  oxidation  of  methane  according  to  Equa¬ 
tion  (3).  Methanol  as  a  liquid,  easily  transportable,  and 
chemically  versatile  product  offers  several  advantages  and  it 
has  even  been  suggested  as  the  basis  of  future  energy 
economy. While  easily  written  on  paper.  Equation  (3)  poses 
quite  a  formidable  challenge,  because  methane  is  the  least 
reactive  of  all  hydrocarbons  and  hence  needs  a  highly  reactive 
catalyst  for  activation,  whereas  methanol  can  easily  be 
oxidized  further,  ultimately  leading  to  complete  combustion. 
The  selective  functionalization  of  methane  has  accordingly 
received  quite  some  attention  in  condensed-phase  research 
and  several  promising  systems  have  beendeveloped,^^  though 
they  are  still  far  away  from  practical  applications.^^ 

CH,  +  Vj  O,  —  CH3OH  (3) 

An  alternative  approach  to  achieve  a  fundamental  under¬ 
standing  into  the  requirements  for  the  C~H  bond  activation 
of  methane  are  model  studies  of  small  reactive  fragments  in 
the  gas  phase.^*’*'  In  this  area,  interesting  progress  has  been 
achieved  recently.  In  2(X)6  it  was  reported  that  methane  could 
be  activated  by  MgC"*",  the  first  main-group  metal  oxide 
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cation  to  do  this,*^  and  by  V40jo'^,  the  first  metal  oxide 
cluster.^**  Shortly  afterwards  (Ab03)„‘*’(«  =  3-5)  was  reported 
as  the  first  oxide  clusters  of  a  main-group  metal  to  activate 
methane  also  methane  activations  by  non-metallic  ele¬ 
ments  have  been  found  more  recently. Most  of  these 
reactions  are  driven  by  the  radicaloid  nature  of  the  oxide 
cations  with  the  spin  mostly  located  on  oxygen,  which  leads  to 
a  high  preference  for  hydrogen-atom  abstraction  from 
methane  to  generate  methyl  radicals.  This  situation  is  in 
contrast  to  the  dehydrogenation  of  methane  by  various 
5d  elements  to  give  metal  carbenes  or 

and  to  the  C-Cr  coupling  reactions  with  methane 
observed  for  medium-sized  hydrocarbon  dications,^*^  in 
which  the  dehydrogenation  takes  place  with  the 
fragment  remaining  at  the  ionic  species. 

To  date,  nearly  all  the  bare  metal  cations  M"^  have  been 
screened  experimentally  with  respect  to  their  reactivity 
towards  methane.^**  ’^  Bare  metal  cations  are.  however,  an 
extreme  simplification  in  comparison  to  real  catalysts  and  in 
this  respect  the  investigation  of  gaseous  metal  ciusteis  is  of 
prime  interest.**^  While  platinum  clusters  in  various  charge 
states  have  been  shown  to  activate  methane,^*^*’^  to  date,  gold 
clusters,  like  most  other  M^"*^"  ions,  were  considered  to  be 
unreactive  towards  methane.^'*** 

The  C— H  bond  activation  of  methane  is,  however,  only  the 
first  step.  The  second  task  is  to  selectively  convert  the  (free  or 
bound)  methyl  radical  into  useful  products  (Scheme  1),  for 
example,  through  the  C-O  coupling  with  a  suitable  oxidant  to 
afford  methanol  [Eq.  (3)].  Alternatively,  C-C  coupling  of  two 
methyl  entities  can  lead  to  ethane  which  may  then  be 
converted  into  the  basic  chemical  ethene  [Eq.  (4)|. 


2  CHi  ->  CjHs  ^  C2H4  -r  H: 


(4) 


In  this  respect.  Lang  et  al.  report  in  this  issue  that  isolated 
Ani2^  cluster  cations  can  mediate  a  C-C  coupling  of  methane 


Scheme  1.  C~H  bond  activation  of  methane  and  subsequent  C-O  or 
C-C  coupling. 
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to  afford  ethene.*''’'  To  thisend.  they  used  an  ion  trap,  which — 
simply  put — is  the  gas-phase  chemist’s  equivalent  of  a 
chemical  reactor.  Specifically,  mass-selected  Au-*  ions  (ap¬ 
proximately  It/’  ions  )  were  trapped  for  hundreds  of  milli¬ 
seconds  in  CH4:He  mixtures  at  pressures  of  about  1  Pa  and 
temperatures  between  2()()and3(X)  K.  By  careful  investigation 
of  the  reaction  kinetics  and  the  effects  of  temperature  in 
combination  with  an  exhaustive  theoretical  study,  a  catalytic 
cycle  for  the  dehydrogenative  coupling  of  methane  to  give 
ethene  could  be  established  (Scheme  2).  In  addition  to  the 
phenomenological  description  of  the  processes  observed, 
Lang  et  al.  quantitatively  modeled  the  observed  product 
distribution  and  thereby  derived  essential  thermodynamic 
and  kinetic  parameteis. 


Scheme  2.  Simplified  representation  of  the  catalytic  cycle  for  the  C-C 
coupling  of  methane  to  ethene  realized  by  Langetal.'”’ 

Several  aspects  of  this  work  are  remarkable: 

1)  Unlike  most  other  gas-phase  studies,  relatively  high 
pressures  are  applied,  that  is,  a  multicollisional  regime  is 
explored  which  enables  the  stabilization  of  reaction 
intermediates  as  well  as  the  occurrence  of  endothermic 
reactions  at  increased  reaction  times. 

2)  Ibe  results  illustrate  a  methane  coupling  occurring  at 
ambient  temperatures,  and  the  analysis  of  kinetic  profiles 
as  a  function  of  temperature  provides  deep  mechanistic 
insight  including  the  estimation  of  activation  energies 

3)  In  the  multicollisional  mechanism,  methane  plays  a  crucial 
role  not  only  as  the  reactant,  but  also  as  a  ligand  which  can 
replace  the  product  ethene  associated  to  the  Au-*  species 

These  aspects  are  of  particular  relevance  with  regard  to 
the  so-called  pressure  gap,^“l  which  often  hampers  the 
translation  of  model  studies  to  real  catalysis.  In  their  recent 
work.  Lang  et  al.  indeed  manage  to  bridge  this  gap  at  least 
partially.  Their  study  may  thus  be  considered  as  an  important 
step  in  basic  research  towards  the  understanding  of  catalytic 
cycles,  which  may  also  bear  practical  relevance. 
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